The residual lattice strain observed by X-ray diffraction methods in plastically extended polycrystalline aggregates has been investigated. It is shown that, if several diffraction lines are examined, the residual lattice strains vary both in magnitude and in sign.
The lattice strains occurring in the crystals of a polycrystalline metal specimen when the aggregate is subjected either to externally applied loads or to internal stresses may be determined from observations on the positions of the X-ray lines diffracted by the aggregate. The position of the maximum of the X-ray diffraction line depends on the average of the spacing between many planes in all those crystals which contribute to the diffraction line. Small variations in this spacing about the mean value result in a broadening of the line, but changes in the position of the maximum of the line indicate changes in the average interplanar spacing.
Observations by Bollenrath, Hauk & Osswald (1939) , by Smith & Wood (1941) , and by others, on the positions of the maxima of diffraction lines have shown th a t when a specimen has been plastically extended and the applied stress removed, there remains a mean lattice strain in the grains. This mean residual lattice strain may be attributed to a general lattice expansion (Smith & Wood 1941) , or to internal stresses. Experimental evidence (Smith & Wood 1944; Bollenrath et al. 1939) supports this latter view, and the hypothesis of a general lattice expansion has been discarded.
Since after deformation there are no external forces acting on the specimen, the sum of the stresses across any plane section of the specimen must be zero. Thus, if the mean residual lattice strain in the part of the specimen contributing to the diffraction line is interpreted as due to a mean stress there, some other portion of the specimen must carry a stress of opposite sign. Such a stress system, where stresses in one part of the deformed aggregate are balanced by those in another, would arise in the aggregate if different parts had different yield tensions; then after the plastic extension of the specimen, the ' hard ' parts would remain in tension and the 'soft' parts would be driven into compression. Bollenrath et al. (1939) have suggested th a t the surface of the specimen has a lower yield stress than the interior, and after the plastic extension of the specimen the surface and interior of the specimen are in opposite states of stress. They have described experiments which showed th at the mean residual lattice strains in a plastically extended bar, a t surfaces successively exposed by etching away part of the metal, decreased as the specimen became thinner. This is contrary to experimental work described by Smith & Wood (1944) , who found th at the residual lattice strain remained approximately constant a t surfaces exposed by etching specimens. Davidenkov & Timofeeva (1946) made mechanical strain measurements on plastically extended alluminium sheets as surface layers were etched away, and showed th at the surface was not in a state of uniaxial macroscopic stress. Although earlier work by the author (Greenough 1948) supported the idea th a t no surface macroscopic stress exists, more recent results indicate th at this early experiment was not properly designed and th at a macroscopic stress system may explain a part, but not all, of the observed residual lattice strains.
An alternative explanation could be based on th at put forward during a discussion in 1943 between Bragg, Orowan, Smith & Wood (unpublished) . I t is possible that, during the process of plastic deformation, the accumulation of dislocations round obstacles to their propagation through the crystal would cause higher stresses there than in the remaining bulk of the crystal. After the removal of the applied load producing the deformation, stresses would arise in the crystal, those in the neigh bourhood of the arrested dislocations being balanced by those in the bulk of the crystal remote from the dislocations. The lattice spacings in the region of the arrested dislocations would be insufficiently regular to contribute to the diffraction line, but the strain in the bulk of the crystal would be sufficiently uniform to produce a movement of the diffraction line. Smith & Wood (1944) put forward a similar hypothesis in which the grain boundaries were postulated as becoming amorphous.
These two explanations assume th at the part of the specimen stressed to balance the part with the residual lattice strain is either too far below the surface to be irradiated by the X-rays, or insufficiently crystalline to contribute to the diffraction.
A third explanation could be based on the fact th at only grains with certain orientations in the irradiated area of the aggregate contribute to the diffracted beam, a point illustrated by figure 1. The lattice strain determined from measurements on X-ray diffractions is a mean of the strains in those grains whose 'reflecting' normals are in fixed directions, and this may differ from the mean taken over all the grains in the specimen. The residual lattice strain could be due to stresses in the reflecting grains which are balanced by stresses of opposite sign in neighbouring grains, whose orientations are such that they do not contribute to the reflexion.
The explanation of the development of residual lattice strains can be made explicit by discussing the particular case of a polycrystalline specimen extended by an applied tension. The tensile stress required to cause glide in a given grain, the ' yield tension ' of the grain, depends on the orientation of the glide planes and glide directions. During the plastic extension of the aggregate, grains with a higher yield tension carry a greater stress, and hence contain a greater elastic strain, than their neighbours, whose orientations are such th at they glide more easily. When the applied stress is removed, grains with the greater elastic strain compress their neighbours, so th a t grains with a high yield tension will be left in tension and the softer ones in compression.
Among the grains that, by virtue of their special orientation, give rise to a given reflexion line, there will be, say, more of a £ soft * than of a ' hard ' orientation. Hence the average residual stress in these crystals will be compressive and the average spacing between the reflecting planes, measured perpendicular to the direction of elongation of the aggregate, will increase. A second diffraction line which receives reflexions from grains of a different orientation which is 'h a rd ' will show a residual lattice strain of opposite sign. Thus, the residual lattice strains determined by the examination of many diffraction lines should have values which vary in sign and in magnitude; since the mean stress in any plane across the specimen is zero, the appropriate mean value of all the residual lattice strains should also be zero. 
E x p e r i m e n t a l d e t e r m i n a t i o n o f r e s i d u a l l a t t ic e s t r a i n s
Experimental work was undertaken to measure the lattice strains remaining in various metal specimens after they had been plastically extended and unloaded. No attem pt was made to construct stress against lattice-strain curves of the type described by Smith & Wood by observing the lattice strains when the specimens were subjected to loads.
(a) Method of measuring lattice strains
To simplify the determination of accurate interplanar spacings, wire specimens were used and a Bradley-Jay camera of 19 cm. diameter employed to record the diffraction lines. I t was shown experimentally that, to determine accurately changes in interplanar spacing for a given metal, it was not necessary to correct for camera errors,' other than film shrinkage, for all diffraction lines for which the Bragg angle 6 was greater than 65°, provided th a t the specimens were of the same diameter.
I f the Bragg angle of diffraction for the deformed specimen is + where 6 is the corresponding angle for the annealed material, then the lattice strain 8djd is given by the equation
here d is the average spacing between the 'reflecting' planes. The volume of specimen irradiated by X-rays was large enough to give diffraction lines of uniform density when the specimen was rotated about its own axis. This ensured th a t the behaviour of the line represented th a t of the average grain of the orientation reflecting, and th a t random deviations from this average due to variations in the orientations of the neighbouring grains were eliminated.
(b) Examination of specimens
The metals examined were nickel, copper and aluminium, all of commercial purity. Brawn wires of 0-5 mm. diameter were annealed a t a temperature above th a t at which recrystallization occurred until the wires were completely free from strain. Then, since it has been shown by Smith & Wood (1944) , and checked in these experiments, th a t annealing specimens containing residual lattice strains removes all the strains, the following experimental procedure was employed.
A specimen of the wire was extended and the plastic extension in the uniform region determined from the reduction of area. A diffraction photograph was taken of the specimen in the region of uniform extension; this gave the value of the lattice spacing in the strained metal. The specimen was then annealed and a further photograph taken to obtain the strain-free spacing. The residual lattice strains in the plastically extended metal were determined for those reflexions for which 6 > 65°. Several X-radiations were used so th at various reflexion lines could be investigated for each metal; in each case five different specimens were examined and a mean of the separate results used to reduce random errors arising from the measurement of broadened diffraction lines.
(c) Results W ith the arrangement of specimen and X-ray camera used, the axis of the wire was perpendicular to tjie plane containing the incident and diffracted X-ray beams. Thus, the strains measured, which are in the directions of the reflecting normals, were always in a direction perpendicular to the direction of the applied tension producing the plastic deformation. A residual lattice strain th at corresponds to an increase of the interplanar spacing after the plastic extension of the specimen is regarded as positive.
Some reflexion lines were recorded with more than one X-radiation, and in all cases the results from the five separate specimens and from the different X-radiations agreed with each other within the limits of experimental error. Table 1 gives the mean residual lattice strains observed for the various planes and the X-radiations used. The probable value of the random part of the error in the mean residual lattice strain was estimated from the individual results; it lay between ± 1 x 10-5 and ± 3 x 10-5.
These results are very similar, in general, to those given previously (Greenough 1947 ) for magnesium and iron. 
(d) Conclusions
The results show th a t the residual lattice strains shown by different X-ray reflexions from a plastically extended polycrystalline metal wire vary both in magnitude and in sign. This is in qualitative agreement with the proposed explanation. 
Q u a n t i t a t i v e i n t e r p r e t a t i o n (a) Introduction
To establish th a t the observed residual lattice strains were of the order of magnitude to be expected, an attem pt was made to calculate the values from the available knowledge of the process of plastic deformation in an aggregate. An exact treatm ent of the problem is too complicated, and consequently simplifying assumptions were made. The metal crystals were treated as elastically isotropic, and the normal * mechanical ' values of the elastic constants used. I t was also assumed th a t, since the metals were all face-centred cubic and plastically deformed by tension, the deformation took place entirely by glide along the glide planes and in the glide directions (called later simply glide combinations) when the shear stress reached a critical value.
Further, it m ust be postulated which of the twelve glide combinations possible in the case of a face-centred cubic metal are operative in any given crystal in the aggregate. Cox & Sopwith (1937) assumed th a t each crystal behaved as if isolated from its neighbours, and th a t the operative glide combination was th a t in which the shear stress was greatest when the deforming tensile stress was parallel to the load applied to the aggregate.
Taylor (1938) pointed out th a t this would lead to the development of holes in the aggregate, and suggested th a t each crystal deforms so th a t its external shape changed in exactly the same way as th a t of the aggregate as a whole. Taylor showed th a t, to fulfil this condition, in general fiye motions in the glide combinations m ust take place, and he assumed th a t the operative combination was th a t requiring least work; with these assumptions he successfully derived the stress strain curve for an aggregate from th a t of a single crystal.
Calculations of the residual lattice strains to be expected were made with each of these two assumptions. Details are recorded here of those based on th a t of Taylor, since these gave the better agreement with experiment; only the results are given of the calculation based on the assumption th a t each grain was deforming as a single crystal.
(6) Theoretical treatment
Suppose we represent the polycrystalline aggregate by a model in which the stress P applied to the specimen is taken as acting on two rigid parallel plates which are connected by crystals of various orientations. If the crystals in the aggregate are randomly oriented, the cross-sectional area A of each crystal in the aggregate is the same. The model is represented in figure 2 . Suppose P is increased from zero. Initially, aH the crystals deform elastically and, since the crystals are assumed to be elastically isotropic, etc. The yield point of the grains with the lowest yield tension, say grain 1, will be exceeded first, and the strains in these grains will then not be entirely elastic: T x < T2, etc. After the aggregate has been given a certain strain, all the grains will have deformed plastically, since the limits of elastic strain for the grains with even the highest yield tension are small compared with the plastic strains. At this time, TX,T Z, etc., will be determined by the orientations of the crystals, and rA P+ATr. If P is now removed, each crystal will contract elastically, and grains in which T was small, e.g. grain 1, will be driven into compression by grains in which T was large. The compressive stress in grain 1 may rise so high th at plastic deformation would occur in the reverse direction in this grain, but a consideration of the magnitude of the stresses indicates th at in a cubic metal this cannot occur often.
When equilibrium is established, the residual stress in any crystal n will be
where Tn was the tensile stress in the crystal n when P was applied, Tmean was the average value of Tv T2, ... ,Tn, ... ,Tr i.e.
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As pointed out in §2 (c), the experimental arrangement was such th a t the residual lattice strain was measured in a direction perpendicular to the applied stress; thus the residual lattice strain in grain n is -
~T m eanŵ
here v is Poisson's ratio, and Young's modulus. Tmean is equal to the stress deforming the aggregate. Tn may be expressed in terms of the orientation and critical shearing stress (rc) of the crystal, and r c may in tu rn be expressed in terms of ^Zmean.
The critical shearing stress, r c, increases during the deformation (' work-hardening '), and, since some crystals undergo more shear than their neighbours, the amount of work-hardening is different for different crystals. Thus, after a given plastic deforma tion of the aggregate, r £ is not the same for all crystals. B ut for the case of aluminium, an examination of the stress against strain curve in Taylor's paper for a single crystal, in conjunction with calculations taking into account the varying shear strains for different grains, indicates th a t after a longitudinal extension of each grain of 14 %, the maximum variation of r c is 15 %. The error involved in assuming r c to be a constant for all crystals in the plastically deformed aluminium aggregate is not large. The assumption is also made for the cases of copper and nickel.
We now require the relation between r c and TV T2, etc. I f the crystal in the aggregate behaves as if isolated from its neighbours, then tc = T sin x cos A, where x is' the angle between the applied stress and the most favourably oriented glide plane, and A is the angle between the applied stress and the glide direction.
If the strain in each crystal is the same as th a t of the aggregate, then, during the plastic deformation, there m ust be transverse forces acting on each grain in addition to the stress T parallel to the direction of elongation. In Taylor's original analysis, it was not necessary to determine the stresses acting on any grain, because the work done by the force applied to the whole aggregate was equated to the work done against the shearing forces across the glide planes. In the present treatm ent, however, a knowledge of the magnitude of the stresses acting on each grain is necessary. B ut the precise determination of these stresses is complex, and consequently, for the purpose of this simple treatm ent which is only intended to give approximate values, the transverse stresses are neglected. This is the most serious source of error, and its possible effect is discussed in § 4.
The longitudinal stress acting on a crystal is taken as th a t which does work on the crystal equal to th a t performed against the shearing forces. For deformations which are small enough to keep the cross-sectional area and orientation of the crystal approximately constant, the stress parallel to the direction of extension, T , is g ivenby = t. & , where x = the longitudinal strain of the aggregate (and hence of the crystal), and, = the arithmetical sum of the five shear strains required to produce the deforma tion. r c is assumed to be the same for all grains and is the same in each case, consequently Tx = -(2s), etc.
Since measurements on the diffraction lines were made so th a t the reflected X-ray beams observed lay perpendicular to the applied stress, the crystals investigated were oriented so th a t the direction of the reflecting normal was perpendicular to the applied stress, but they had any orientation about this normal. For the crystals contributing to an hkl diffraction line, the value of T required is where orientations 1,2, . . . , n. ..,r, are all those possible in the aggregate. This last relation will be used to determine tJx, Tme& n being equal to the stress applied to the aggregate to produce the plastic extension. The value of tJ x applicable to the specimens examined is Tmean If one assumes the crystals in the aggregate to deform as if isolated from their neighbours, the corresponding relation is
Results jfn order to calculate the numerical values of (Ls)m , etc., the data were arranged on a stereogram. The geometrical conditions determined by the experimental arrangement are th a t the reflecting normal (hkl) and the direction of the applied tension are fixed in space, and the crystal may have any orientation about the (hkl) normal. Figure 1 represents these conditions; the tension is applied in a direction perpendicular to the plane of the diagram.
On the stereogram it is convenient to consider the crystal as fixed in orientation; the locus of the applied tension is then a great circle about the (hkl) pole. The various orientations 1,2, etc., were taken as points 5° apart on the locus when calculating (Hs)hkl; when calculating ( E s )mean, points were taken a t 5° intervals over the smallest area of the stereogram from which the whole area can be built up by using the symmetry elements. Figure 3 shows the stereogram.
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" * * part of locus of ! \ applied tension / iA for hkl \ reflexion points used to calculate (£s)mean The calculation of the values of Es corresponding to = 0*272 has been performed by Taylor for a set of points on a stereogram. The value of used is immaterial in this work, since relative, and not absolute, magnitudes of the various Es values are required. The value of Es for any point on the locus of the applied tension, or in the area, was obtained by interpolating between the values given by Taylor. A mean of the values of Es on one locus gave (Ls)hkl) and in the area gave ( S s ) mean. The results are given in table 2. I t m ust be emphasized th a t the calculations were of a very approximate nature, and, hence, appreciable differences between the experimental and calculated values were expected. I t would be satisfactory if the points were such th a t a straight line could be drawn amongst them, a line of which the gradient was approximately th a t expected and which passed near the origin. Figures 4,5 and 6 show the plotted points and the best straight line passing through them. The principal features of each of these graphs are the linearity of the plotted points, the gradient of the best straight line through the points, and the intersection of this line and the axes. The effect of neglecting the transverse stresses required to produce the same strain in each crystal as in the aggregate will be th a t the plotted points will depart appreciably from the best straight line; the effect on the gradient and inter cepts of the line is likely to be small, since these values depend on the positions of several points and averaging over several orientations makes the assumption more nearly true. I t is convenient to separate further discussion of the three principal features.
(a) Linearity of plotted points
In general, the points depart considerably from the straight-line relationship, but in no case is the distribution of points on the graph completely random. The points indicate th a t there is a relation between the residual lattice strain and the quantity 1 -( 2 « ) W kj /( S s ) mean, approximately th a t of a straight line.
If the residual lattice strains are plotted against the function calculated with the assumption th a t each crystal in the aggregate behaves as if isolated, the points show slightly greater displacements from the best straight line.
(6) Intersection of the straight line and the axes In the case of the graph for aluminium and for copper, it is apparent th a t the straight line cuts the residual strain axis a t a positive value which is larger than the limits of experimental error and of possible errors due to assumptions made in the theory. In the case of nickel, the intercept is probably within the limits of error. The line through the points showing the relation between the residual lattice strain and the function calculated on the assumption of isolated crystals makes approximately the same intercept on the axis. This effect would arise if there were, in the grains examined, a macroscopic compressive stress superimposed on the calculated Heyn stresses. To balance this stress there would have to be a macroscopic tensile stress component in some part of the specimen not investigated.
A possible explanation of the positive intercept may be th a t the grains in which the residual lattice strains are being measured all He near the surface, whereas-the theory imphcitly assumes th a t aH grains in the specimen are surrounded by con straining neighbours. Crystals with a free surface would have a lower yield tension than would crystals of the same orientation in the interior, and hence, after the plastic extension of the aggregate, a compressive stress would be expected on the surface superimposed on the microscopic Heyn stresses. This idea is supported by some work a t present in progress which indicates th a t the relative size of the specimen and the irradiated volume has an effect on the magnitude of the intercept on the residual strain axis.
I t is also possible to explain this superimposed compressive stress in terms of arrested dislocations, using the ideas put forward by Bragg et al. (see p. 557) , bu t the later experimental observation th a t the magnitude of the compressive stress varies with the specimen size does not appear to support this type of explanation.
I t is hoped th a t further work wiH elucidate the nature and cause of this com pressive stress superimposed on the Heyn stresses.
(c) Gradients of the graphs
The gradients of the best straight Hnes passing through the plotted points were measured, and the value vTme&nlE calculated for each metal. Since the two possible assumptions on the interaction of the grains lead to different results, a comparison of the experimental gradient with the calculated value is shown in table 3 for each case. Table 3 shows th a t the theory based on Taylor's assumption th a t the strain in the grains is the same as th a t of the aggregate gives an agreement with experiment within the limits of error. The assumption of isolated grains does not give a satisfactory agreement.
Co n c l u s i o n s
Mean residual lattice strains, determined from measurements made on several diffraction lines from plastically extended aluminium, copper and nickel, have values which vary both in magnitude and in sign. This is qualitatively in agreement with the facts th a t a complex intergranular stress system exists in the deformed aggregate arising from the variation of yield tension with the orientation of the grains, and th a t in the diffraction process the X-rays select grains w ith a limited range of orientation. In view of the number of assumptions made in the quantitative treatm ent, one can say th a t the agreement between the experimental mean residual lattice strains and those calculated is satisfactory.
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